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SOLAR CELL AND PROCESS OF 
MANUFACTURING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is related to Japanese application No. 
2000-334752 ?led on Nov. 1, 2000, Whose priority is 
claimed under 35 USC §119, the disclosure of Which is 
incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a solar cell having pin 
structure made of compound semiconductor materials and a 
process of manufacturing the same. 

2. Description of Related Art 
Most of recent solar cells utiliZe Si as a starting material. 

In vieW of coordination With a solar beam spectrum, solar 
cells utiliZing GaAs, Which is a compound semiconductor 
material, are also applied practically to, for example, a 
poWer source of arti?cial satellites that requires high pho 
toelectric conversion ef?ciency. 

There is a limit to the photoelectric conversion ef?ciency 
of a solar cell made of a single material because it only 
utiliZes light of Wavelength corresponding to a forbidden 
band Width derived from the material. Under such 
circumstances, a solar cell of tandem structure made of 
several materials having different forbidden band Widths is 
developed for obtaining higher photoelectric conversion 
ef?ciency. In the tandem solar cell, multiple solar cells are 
stacked in decreasing order of the forbidden band Width 
from a light receiving face. Accordingly, light of broad 
Wavelength corresponding to the forbidden band Widths of 
the stacked solar cells is utiliZed. 

Another solar cell of multiple quantum Well structure is 
proposed (Journal of Applied Physics vol. 67 p3490 (1990)). 

The solar cell comprises an i-type semiconductor layer 
103 inserted betWeen a pn junction of an n-type semicon 
ductor layer 2 and a p-type semiconductor layer 4 as shoWn 
in FIG. 14. The i-type semiconductor layer 103 includes a 
barrier layer 130 formed of a semiconductor material for 
forming the pn junction and a Well layer 131 formed of a 
semiconductor material having a forbidden band Width 
smaller than that of said semiconductor material. 
An energy band model of the above-mentioned solar cell 

of multiple quantum Well structure is shoWn in FIG. 15. 
Referring to FIG. 15, Ec and Ev shoW a loWer end of a 

conduction band and an upper end of a valence band, 
respectively. With such a structure, not only light corre 
sponding to the forbidden band Width of the semiconductor 
material forming the pn junction but also light correspond 
ing to the forbidden band Width of the semiconductor 
material forming the Well layer 131 is utiliZed for the 
photoelectric conversion, Without reducing an open voltage. 
Therefore, solar light of longer Waveforms contributes to the 
photoelectric conversion, Which alloWs obtaining a solar cell 
With improved spectral response characteristics and high 
output. 

Further, Japanese Unexamined Patent Publication Hei 7 
(1995)-231108 discloses a solar cell Wherein the i-type 
semiconductor layer in the pin structure is formed such that 
the forbidden band Width thereof is varied stepWise from the 
p-type region to the n-type region. According to the 
publication, semiconductor materials of different compound 
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2 
crystal ratios are groWn by crystalliZation by MBE in 
sequence to produce the forbidden band Width varied step 
Wise. 

According to the above-mentioned solar cell of tandem 
structure, solar cells and tunnel junctions connecting the 
cells are formed under optimum conditions, Which requires 
an extremely elaborate and complicated manufacturing pro 
cess. HoWever, a solar cell With high photoelectric conver 
sion ef?ciency Which compensates such a process has not 
been provided yet. 

In the above-mentioned solar cell of multiple quantum 
Well structure, on the other hand, only a light of de?ned 
Wavelength contributes to carrier excitation because of a 
quantum level of electrons de?ned by a thickness of the Well 
layer 131, or the forbidden band Width of the material of the 
Well layer 131. 

Accordingly, in order to enlarge the Wavelength range, a 
measure of varying the thickness of the Well layer stepWise 
or a measure of varying the ratio of compound crystals in the 
semiconductor material for forming the Well layer must be 
employed. 

For the manufacture of the Well layer having a desired 
thickness and composition ratio by such measures, hoWever, 
a highly accurate process is also required as the above 
mentioned solar cell of tandem structure. 

SUMMARY OF THE INVENTION 

In vieW of the above-described problems, the present 
invention has been achieved to provide a solar cell of high 
photoelectric conversion ef?ciency and a simpli?ed process 
of manufacturing the same. 

According to the present invention, provided is a solar cell 
having a p-type semiconductor layer and an n-type semi 
conductor layer made of a ?rst compound semiconductor 
material, Wherein one or more quantum Well layer Which is 
made of a second compound semiconductor material and has 
a plurality of projections on its surface is formed betWeen 
the p-type semiconductor layer and the n-type semiconduc 
tor layer, the projections being different in siZe on a single 
quantum Well layer or on any one of the quantum Well 
layers. 

According to another aspect of the present invention, 
provided is a process of manufacturing a solar cell Which 
comprises a p-type and n-type semiconductor layers of a ?rst 
compound semiconductor material. The process comprises 
the steps of: forming a p-type or n-type semiconductor layer 
on a substrate; forming one or more quantum Well layer With 
a second compound semiconductor material; and forming an 
n-type or p-type semiconductor layer of the ?rst compound 
semiconductor material; Wherein the quantum Well layer is 
formed by providing a base portion and a plurality of 
projections on the base portion in sequence, and the projec 
tions are formed to have different siZes on a single layer or 
on any one of the quantum Well layers. 

That is, a feature of the present invention is to insert the 
quantum Well layer Which is made of the second compound 
semiconductor material and has the projections (hereinafter 
referred to as a quantum dot layer) in a pn junction region 
of a solar cell of pn structure or in an i-type semiconductor 
layer of a solar cell of pin structure. 

These and other objects of the present application Will 
become more readily apparent from the detailed description 
given hereinafter. HoWever, it should be understood that the 
detailed description and speci?c examples, While indicating 
preferred embodiments of the invention, are given by Way of 
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illustration only, since various changes and modi?cations 
Within the spirit and scope of the invention Will become 
apparent to those skilled in the art from this detailed descrip 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a vieW schematically illustrating a basic struc 
ture of a solar cell according to the present invention; 

FIG. 2 is a vieW illustrating a relationship betWeen the 
siZes of projections on a quantum dot layer shoWn in FIG. 
1 and practical forbidden band Widths; 

FIGS. 3(a) to 3(e) are vieWs illustrating the steps of 
photolithography and selective etching for manufacturing a 
solar cell having a single quantum dot layer; 

FIGS. 4(a) to 4(g) are vieWs illustrating the steps of 
photolithography and selective etching for manufacturing a 
solar cell having stacked quantum dot layers; 

FIG. 5 is a vieW schematically illustrating hoW the crystal 
groWth of the quantum dot layer progresses by the self 
groWing mechanism; 

FIG. 6 is a vieW schematically illustrating a solar cell 
having the quantum dot layer formed by the self-groWing 
mechanism; 

FIG. 7 is a vieW schematically illustrating the practical 
forbidden band Widths generated by the single quantum dot 
layer; 

FIG. 8 is a vieW schematically illustrating the practical 
forbidden band Widths generated by the quantum dot layers; 

FIG. 9 is a vieW schematically illustrating a pattern 
obtained by re?ection high energy electron diffraction; 

FIG. 10 is a vieW schematically illustrating another eXem 
plary pattern obtained by re?ection high energy electron 
diffraction; 

FIG. 11 is a sectional vieW illustrating a solar cell struc 
ture according to an eXample of the present invention; 

FIG. 12 is a sectional vieW illustrating a solar cell 
structure according to another eXample of the present inven 
tion; 

FIG. 13 is a graph illustrating a comparison of spectral 
response characteristics betWeen the solar cell according to 
the present invention and a conventional solar cell; 

FIG. 14 is a sectional vieW illustrating an eXample of a 
conventional solar cell of multiple quantum Well structure; 
and 

FIG. 15 is a vieW illustrating an energy band model of the 
conventional solar cell of FIG. 14. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Embodiments of the present invention Will be explained 
hereinafter With reference to the ?gures. HoWever, the 
invention is not limited thereto. 

FIG. 1 shoWs a basic structure of a solar cell of pin 
structure according to the present invention made of com 
pound semiconductor materials. 
A solar cell 10 includes a substrate 1, a p-type or n-type 

semiconductor layer 2 of a ?rst compound semiconductor 
material formed on the substrate 1, an i-type semiconductor 
layer 3 formed on the semiconductor layer 2 and a n-type or 
p-type semiconductor layer 4 of the ?rst compound semi 
conductor material formed on the i-type semiconductor layer 
3. 

The i-type semiconductor layer 3 includes a base layer 3c 
made of the ?rst compound semiconductor material, a 
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4 
quantum dot layer 3a of a second compound semiconductor 
material formed on the base layer 3c and a cap layer 3b of 
the ?rst compound semiconductor material formed on the 
quantum dot layer 3a. The three layers constitute a unit 30. 
The cap layer 3b ensures the ?atness of the i-type semicon 
ductor layer surface. In a tandem structure including the 
quantum dot layers 3a and the cap layers 3b being stacked, 
the cap layer 3b sandWiched betWeen the quantum dot layers 
3a serves as an intermediate layer 3d. 

The quantum dot layer 3a includes a base portion 11 
Which serves as a bottom and a plurality of projections 12 
(quantum dots) formed on the base portion 11. The projec 
tions 12 are different in thickness on the same quantum dot 
layer 3a or a number of quantum dot layers 3a. 

For example, in the tandem structure Wherein the i-type 
semiconductor layer 3 includes a plurality of quantum dot 
layers 3a, the quantum dot layers 3a are preferably stacked 
such that the projections 12 different in thickness are formed 
on a number of quantum dot layers 3a. In this case, the 
projections 12 may be arranged on the quantum dot layers 3a 
in increasing order of thickness from a light receiving face 
(e.g., from a top surface) of the solar cell 10. 
Where the i-type semiconductor layer 3 is formed of a 

single quantum dot layer 3a, the projections 12 different in 
thickness are scattered over the same base portion 11. 

According to the present invention, the substrate is not 
particularly limited as long as it is generally used as a 
substrate for the solar cell. EXamples thereof include a 
metallic substrate, a resin substrate and a glass substrate. 
The ?rst compound semiconductor material for forming 

the n-type or p-type semiconductor layer may be a com 
pound of a group III element and a group V element shoWn 
in the periodic table, e.g., GaAs, GaAlAs or the like. 
The second compound semiconductor material for form 

ing the quantum Well layer may be a compound of a group 
III element and a group V element shoWn in the periodic 
table such as InGaAs, GaAs or the like. 

According to the present invention, the quantum dot layer 
3a is inserted in the i-type semiconductor layer 3. Therefore, 
in addition to light of Wavelength corresponding to the 
forbidden band Width of the semiconductor material for 
forming the pn junction, light of Wavelength corresponding 
to the practical forbidden band Width of the quantum dot 
layer 3a is also absorbed. Therefore, high photoelectric 
conversion ef?ciency is achieved. Further, since the forbid 
den band Width can be varied depending on the combination 
or compound crystal ratio of compound semiconductor 
materials used for forming the i-type semiconductor layer 3, 
a solar cell Which alloWs photoelectric conversion at high 
ef?ciency corresponding to the incident light can be manu 
factured. 
With the thus formed solar cell 10, as shoWn in FIG. 2, the 

forbidden band Width of the semiconductor material for 
forming the solar cell is not determined to a constant value 
but varied Within a broad range, Which eXtends the Wave 
length range in Which the photoelectric conversion can be 
carried out. 

That is, the projections 12 different in siZe are formed on 
the base portion 11 of a single quantum dot layer 3a or a 
number of base portions 11 of plural quantum dot layers 3a. 
Accordingly, quantum Wells having energy gaps betWeen 
quantum levels at the conduction band Ec and the valence 
band Ev corresponding to the siZes of the projections 12 
(i.e., the practical forbidden band Widths of different values) 
are obtained. Such a structure shoWs characteristics different 

from common bulk crystals, and electrons (or holes) 
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enclosed in the crystal structure as miniscule as several tens 
of nm are given With energy levels of various degrees. 

In a process of manufacturing the solar cell according to 
the present invention, the quantum Well layer may be formed 
by lithography and selective etching, or by self-groWing 
mechanism. 

A process utiliZing the lithography and selective etching 
is described With reference to FIGS. 3 and 4. 

FIGS. 3(a) to 3(6) illustrate the steps of manufacturing a 
solar cell of pin structure having a single layered i-type 
semiconductor layer 3. 

First, an n-type (or p-type) layer 2 made of a ?rst 
compound semiconductor material is groWn by crystalliZa 
tion on an n-type (or p-type) substrate 1, a base layer 3c 
made of the ?rst compound semiconductor material is groWn 
by crystalliZation, and then a ?lm 3a‘ for forming a quantum 
dot layer 3a is groWn by crystalliZation to have a thickness 
of 10 nm (FIG. 3(a)). A photoresist 21a is applied (FIG. 
3(b)) and then subjected to eXposure and development using 
a resist mask to form a resist pattern 21a‘ (FIG. 3(c)). With 
the resist pattern 21a‘ as a protective ?lm, the ?lm 3a‘ is 
selectively etched to form the quantum dot layer 3a (FIG. 
3(6) 

The resist pattern 21a‘ includes traces 21a‘ of different 
siZes. By the selective etching using the traces as a mask, 
projections 12 of different siZes made of crystals of plural 
kinds are formed on a base portion 11. Thus, the quantum 
dot layer 3a is completed. 

Next, a cap layer 3b is groWn by crystalliZation on the thus 
formed quantum dot layer 3a and a p-type (or n-type) layer 
4 is formed thereon to complete a pin solar cell 20 (FIG. 
3(6). 

FIG. 4 shoWs the steps of photolithography and selective 
etching for manufacturing another solar cell of pin structure 
having an i-type semiconductor layer 3 of tandem structure. 

Here, the above-mentioned steps shoWn in FIGS. 3(a) to 
3(a) for forming the single layered i-type semiconductor 
layer are employed until the quantum dot layer 3a is 
provided, and then the cap layer 3b is formed. 
On the cap layer 3b Which serves as an intermediate layer 

3d, a ?lm 3a‘ for forming the second quantum dot layer 3a 
is groWn by crystalliZation to have a thickness of 10 nm. 
Then, the steps shoWn in FIGS. 3(a) to 3(6) are repeated 
until the 2nd to n”1 quantum dot layers 3a are formed. 

In this case, the traces 21a‘ formed on the same quantum 
dot layer have the same siZe. The traces 21a‘ are formed to 
have different siZes on a number of quantum dot layers such 
that the projections 12 are formed in decreasing order of 
thickness from the ?rst to the n”1 quantum dot layers 3a. That 
is, the projections 12 are formed such that the conditions that 
the thickness of the projections 12 on the ?rst quantum dot 
layer 3a>the thickness of the projections 12 on the second 
quantum dot layer 3a>the thickness of the projections 12 on 
the third quantum dot layer 3a . . . are established. 

After the n”1 quantum dot layer 3a is formed (FIG. 4(f)), 
a p-type (or n-type) layer 4 is formed to complete a pin solar 
cell 30 including the i-type semiconductor layer 3 of tandem 
structure (FIG. 4(g)). 
Where the i-type semiconductor layer includes a single 

layered quantum dot layer 3a as described above, the 
projections 12 different in thickness are formed on the same 
quantum dot layer 3a. Further, in the case of the i-type 
semiconductor layer of tandem structure including the 
stacked quantum dot layers, the projections 12 are arranged 
on the quantum dot layers in decreasing order of thickness 
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6 
from the ?rst quantum dot layer. Thus, in both cases, the 
practical forbidden band Width in a broad range is achieved 
Without changing the composition of the semiconductor 
material. Further, in the tandem structure, since the projec 
tions 12 are arranged on the quantum dot layers in increasing 
order of thickness from the light receiving face, the quantum 
dot layers 3a shoW the practical forbidden band Widths in 
decreasing order from the light receiving face. Therefore, 
solar light is absorbed more ef?ciently. 

Referring to FIG. 5, the process utiliZing the self-groWing 
mechanism is described. 
Where semiconductor materials having different lattice 

constants are deposited under the crystalliZation conditions 
as mentioned later, for eXample, the materials groW into a 
?at layer at an early stage (tWo-dimensional groWth of the 
base portion 11). After the ?at layer groWs beyond a certain 
thickness, crystals groW in the island form spontaneously 
(three-dimensional groWth of the projections 12). This is 
called the self-groWing mechanism. The spontaneously 
formed projections 12 are naturally different in siZe 
(thickness). Making use of this property, the quantum dot 
layer 3a having the projections 12 different in thickness is 
easily provided. 
The quantum dot layer 3a formed by the self-groWing 

mechanism has the folloWing features: 
(1) The projections 12 are varied in siZe; 
(2) A Warp of the layer is alleviated When the three 

dimensional groWth of the projections 12 is ?nished and 
the layer is free from levels derived from lattice defects; 

(3) Since the groWth is carried out tWo-dimensionally and 
then three-dimensionally, the quantum Wells derived from 
the ?at layer Which is groWn tWo-dimensionally and the 
quantum Wells derived from the quantum dots Which are 
groWn three-dimensionally are given to the quantum dot 
layer; and 

(4) The steps of photolithography and selective etching are 
not required since the quantum dots are formed sponta 
neously. 
According to the feature (1), since the quantum dots of 

different siZes are formed, gaps betWeen the quantum levels 
are varied Without changing the composition of the layer. 
Therefore, the Wavelength range effective for the carrier 
excitation is not de?ned constant but varied in a broader 
eXtent. This alloWs providing a solar cell With improved 
spectral response characteristics and high photoelectric con 
version ef?ciency. 

Since carriers for generating an optical current are recom 
bined and compensated by the defective levels, the feature 
(2) that the quantum dot layer 3a is free from the defective 
levels is advantageous because a shirt-circuit current of the 
solar cell increases. 

According to the feature (3), the quantum dot layer 3a 
absorbs not only light corresponding to the gaps betWeen the 
quantum levels depending on the thickness of the base 
portion 11, but also light in the Wavelength range derived 
from the projections 12. Therefore, the Wavelength range 
Which contributes to the carrier excitation becomes much 
broader (see FIG. 2). 

According to the feature (4), the crystal groWth is carried 
out continuously in a crystal groWth system. Therefore, need 
of a complicated manufacturing process is eliminated and 
possibility of impurity contamination is reduced. Impurity 
levels should be avoided because they promote the carrier 
recombination and cause reduction in characteristics of the 
solar cell. 
By employing the self-groWing mechanism With appro 

priately selected materials, the quantum dot layer 3a is 
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formed in a simpler process than the above-described pro 
cess utilizing photolithography and selective etching. 

It is desired that the lattice constant of the material of the 
quantum dot layer 3a is 101.5% to 107.5% of the lattice 
constant of the material of the base layer 3c. When the lattice 
constant of the former is smaller than 101.5%, the crystal 
groWth does not shift to the three-dimensional groWth. 
Further, When the lattice constant of the former is greater 
than 107.5%, the three-dimensional groWth begins at the 
early stage of the crystal groWth. The thus formed quantum 
dot layer 3a includes numerous lattice defects due to lattice 
Warpage. 
Where GaAs is used as a semiconductor material for 

forming the n-type and p-type semiconductor layers, InxGa1_ 
xAS (0.2<x<1) may be used as a material for the quantum dot 
layer 3a. Further, Where multiple quantum dot layers 3a are 
stacked, GaAs may be used as a material for the intermediate 
layer 3d betWeen the quantum dot layers 3a. 

FIG. 6 shoWs a structure of a solar cell 40 including three 
quantum dot layers 3a formed by the self-groWing mecha 
msm. 

In the solar cell 40, the projections 12 are formed such that 
energy gaps betWeen the quantum levels are different on the 
quantum dot layer 3a as shoWn in FIG. 7, and that energy 
gaps betWeen the quantum levels are different among the 
three different quantum dot layers 3a as shoWn in FIG. 8. 
The multiple projections 12 of such various forms provide 
the broad Wavelength range for light absorption. 

In the manufacture of the quantum dot layer 3a by the 
self-groWing mechanism, What is the most important is to 
knoW When the tWo-dimensional groWth shifts to the three 
dimensional groWth. HoWever, a point of time of the shift 
from the tWo-dimensional groWth to the three-dimensional 
groWth varies depending on the lattice constant of the 
material to be deposited, and thus considerable experience is 
required to knoW the point exactly. 

According to the present invention, the progress of the 
deposition is observed by Re?ection High Energy Electron 
Diffraction (hereinafter referred to as RHEED). Based on the 
observation result, the point Where the material supply 
should be stopped is con?rmed. Explanation of RHEED is 
described beloW. 
RHEED is an observation method Wherein electrons 

having an energy as high as 10—50 keV are incident on a 
sample With an inclination of a very small angle (about 1°) 
and an electron beam diffracted at the crystal lattice based on 
the undulation of the electrons is projected to a ?uorescent 
screen, thereby observing the crystal surface morphology. 
Since the electrons are inclined at a small angle, they are 
introduced to several atomic layers from the surface. The 
diffraction from the surface is remarkable, Which signi? 
cantly re?ects the surface structure. A linear pattern shoWn 
in the ?uorescent screen signi?es that the sample surface is 
?at (FIG. 9) and a dot pattern signi?es that the sample 
surface is rough (FIG. 10). 
Making use of this method, the material supply is stopped 

When the linear pattern turns to the dot pattern. Thus, the 
formation of the quantum dot layer 3a is easily controlled. 

EXAMPLE 1 

The solar cell according to the present invention may be 
formed by molecular beam epitaxy (MBE) or metal-organic 
chemical vapor deposition (MOCVD) Which is advanta 
geous in controlling the ?lm thickness. 

In this example the solar cell is formed by MBE using 
GaAs as a material for the p-type and n-type semiconductor 
layers and InGaAs as a material for the quantum dot layer. 
The quantum dot layer 3a is formed by the self-groWing 
mechanism. 
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8 
FIG. 11 shoWs a sectional vieW of a solar cell 50 manu 

factured in Example 1. 
The solar cell 50 is manufactured by the folloWing 

process. 
First, a semiconductor substrate 61 is placed in an MBE 

apparatus. On the semiconductor substrate 61 an n-GaAs 
layer 62 is formed to serve as a buffer layer for improving 
crystallinity of a light absorbing layer to be deposited 
thereon. On the n-GaAs layer 62 an n-GaAs layer 63 and a 
GaAs layer 3c Which serves as a base layer are groWn by 
crystalliZation. Then, a quantum dot layer 3a of InGaAs is 
formed by the self-groWing mechanism. 
The thus formed quantum dot layer 3a has a thickness of 

about four atomic layers (about 3 nm). After the crystal 
groWth of the quantum dot layer 3a, a GaAs cap layer 3b of 
about 5 nm thick is groWn to gain the ?atness of the crystal 
surface, thereby an i-type semiconductor layer 3 is com 
pleted. 
On the cap layer 3b a p-GaAs layer 64 is groWn by 

crystalliZation to provide a nip structure. Then, a 
p-Al0_8GaO_2As layer 65 is formed as a WindoW layer. Then, 
a p-GaAs contact layer 66 is formed by crystal groWth. 
The resulting substrate is taken out of the MBE apparatus. 

Then an n-type electrode 67 is formed on the back surface 
of the semiconductor substrate 61. On the contact layer 66 
a comb-shaped electrode is formed by photolithography and 
lift-off method. With the comb-shaped electrode as a mask, 
the contact layer 66 is selectively etched to form a p-type 
electrode. Thus, the solar cell 50 of 1x1 cm is completed. 
A Si-doped GaAs substrate (001) is used the semicon 

ductor substrate 61. The substrate 61 is degreased With an 
organic solvent and treated With an etchant of sulfuric acid 
base before use, and then introduced to the MBE apparatus. 
Substrate temperature is controlled to 520° C. during the 
formation of the i-type semiconductor layer 3a including the 
quantum dot layer 3a in order to prevent re-elimination of 
In. Other layers are formed at 590° C. Composition ratio of 
In in the quantum dot layer 3a is 0.5. Si and Be are used as 
an n-type dopant and a p-type dopant, respectively. The 
n-type electrode 67 is made of Au—Ge and the p-type 
electrode 68 is made of Au—Zn, both of Which are formed 
by resistance heating evaporation. 

EXAMPLE 2 

In this example the solar cell including stacked quantum 
dot layers 3a is formed. The solar cell is formed by MBE 
using GaAs as a material for the p-type and n-type semi 
conductor layers and InGaAs as a material for the quantum 
dot layers. The quantum dot layers 3a are formed by the 
self-groWing mechanism. 

FIG. 12 shoWs a sectional vieW of a solar cell 60 manu 
factured in Example 2. 
The solar cell 60 includes an i-type semiconductor layer 

3 in Which three quantum dot layers 3a are stacked. 
The i-type semiconductor layer 3a is formed in the same 

manner as in Example 1. That is, a GaAs layer 3c serves as 
a base layer is groWn by crystalliZation, a ?rst quantum dot 
layer 3a of InGaAs is formed and an intermediate layer 3a' 
is groWn through crystalliZation to gain the ?atness of the 
crystal surface. Then, the ?lm formation is repeated in the 
same manner as the above to form a second quantum dot 
layer 3a of InGaAs, another intermediate layer 3d, a third 
quantum dot layer 3a of InGaAs and a GaAs cap layer 3b. 
Thus, the i-type semiconductor layer is completed. The 
thickness, material, formation conditions of each layer are 
the same as in Example 1. 
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FIG. 13 shows a comparison of spectral response char 
acteristics between the solar cell 50 manufactured in 
Example 1 (FIG. 11) and a solar cell of conventional 
structure. 

In FIG. 13, a solid line indicates the spectral response 
characteristics of the solar cell 50, Whereas a broken line 
indicates those of a conventional solar cell of pn structure 
made of a single GaAs material lacking the i-type semicon 
ductor layer 3. The p-type and n-type layers in the conven 
tional solar cell have the same composition as those of the 
solar cell 50. 

Since the i-type semiconductor layer 3 including the 
quantum dot layer 3a is provided, the solar cell 50 absorbs 
light having energy smaller than the forbidden band Width of 
GaAs (1.42 eV), i.e., light of longer Wavelength of 870 to 
1130 nm as shoWn in FIG. 13, and convert the light to 
electric current. 

In the above examples, the quantum dot layer 3a is 
inserted in the i-type semiconductor layer of the pin solar 
cell. HoWever, it Will be understood easily that the quantum 
dot layer 3a may be inserted in a pn junction of a solar cell 
pn structure. 

According to the present invention, a quantum Well layer 
(a quantum dot layer) Which is made of a second compound 
semiconductor material and has a plurality of projections is 
inserted in a pn junction of a solar cell of pn structure or an 
i-type semiconductor layer of a solar cell of pin structure. 
Therefore, the present invention provides a solar cell capable 
of absorption and photoelectric conversion of not only light 
of Wavelength corresponding to the forbidden band Width of 
a semiconductor material forming the pn or pin junction but 
also light of Wavelength corresponding to the practical 
forbidden band Width generated by the quantum dot layer. 

Further, according to the quantum dot layer, variation in 
siZe of the projections enlarges the practical forbidden band 
Width, Which alloWs utiliZation of light in broader Wave 
length Without changing the composition ratio in the quan 
tum dot layer. 

Still according to the present invention, different band 
gaps are generated Without stacking multiple quantum Well 
layers different in thickness as employed in the conventional 
solar cell. 

Since the quantum dot layers are formed of the same 
material, the manufacturing steps are simpli?ed. 

Further, since the quantum dot layer having the practical 
forbidden band Width is formed in the pn or pin junction, 
carriers are easily gathered. 

Still according to the present invention, a severe and 
complicated manufacture process is not required. 
Accordingly, a process of manufacturing the solar cell 
having high photoelectric conversion ef?ciency Which com 
pensates the manufacture facilities and steps is provided. 
Thus, the present invention provides a solar cell having high 
photoelectric conversion ef?ciency and a simpli?ed process 
of manufacturing the same. 
What is claimed is: 
1. A solar cell comprising: 
a p-type semiconductor layer and an n-type semiconduc 

tor layer comprising a ?rst compound semiconductor 
material, 

a semiconductor layer sandWiched betWeen the p-type 
semiconductor layer and the n-type semiconductor 
layer, the semiconductor layer including one or more 
quantum Well layers Which comprise a second com 
pound semiconductor material Which is different than 
the ?rst compound semiconductor material, and 
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10 
Wherein a plurality of different siZed projections are 

formed on surface(s) of the one or more quantum Well 
layers. 

2. A solar cell according to claim 1, Wherein the semi 
conductor layer comprises a pair of i-type semiconductor 
layers comprising the ?rst compound semiconductor mate 
rial sandWiching one of the one or more quantum Well 
layers. 

3. A solar cell according to claim 1, Wherein a plurality of 
the quantum Well layers are provided, and Wherein the 
semiconductor layer comprises at least three stacked i-type 
semiconductor layers comprised of the ?rst compound semi 
conductor material and respective ones of the quantum Well 
layers are inserted betWeen the i-type semiconductor layers. 

4. A solar cell according to claim 3, Wherein the projec 
tions of the quantum Well layers betWeen the three stacked 
i-type semiconductor layers are arranged in increasing order 
of siZe from the quantum Well layer closer to the p-type or 
n-type semiconductor layer Which serves as a light receiving 
surface to the quantum Well layer farther from the light 
receiving surface. 

5. A solar cell according to claim 1, Wherein a lattice 
constant of the ?rst compound semiconductor material is 
101.5 to 107.5% of a lattice constant of the second com 
pound semiconductor material. 

6. A solar cell according to claim 1, Wherein the ?rst 
compound semiconductor material is GaAs and the second 
compound semiconductor material is InGaAs. 

7. A solar cell according to claim 6, Wherein InGaAs is 
InxGa1_xAs Wherein 0.2<X<1. 

8. A process of manufacturing a solar cell comprising: 

(a) forming a semiconductor base layer on a p-type or 
n-type semiconductor layer comprised of a ?rst com 
pound semiconductor material; 

(b) forming a quantum Well layer comprised of a second 
compound semiconductor material over the semicon 
ductor base layer, the quantum Well layer including a 
plurality of different siZed projections, thereby provid 
ing a plurality of projections of at least tWo different 
siZes on the semiconductor base layer; 

(c) forming a semiconductor cap layer comprised of the 
?rst compound semiconductor material on the quantum 
Well layer; and 

(d) forming an n-type or p-type semiconductor layer 
comprised of the ?rst compound material semiconduc 
tor on the semiconductor cap layer. 

9. A process according to claim 8, Wherein, on the 
quantum Well layer formed on the semiconductor base layer 
in the step (b), the formation of a semiconductor interme 
diate layer and another quantum Well layer in this order is 
carried out at least once, and then the step (c) of forming the 
semiconductor cap layer is carried out. 

10. A process according to claim 8, Wherein the quantum 
Well layer is formed by providing a base portion of the 
second compound semiconductor material by lithography 
and providing a plurality of projections of different siZes on 
the base portion by selective etching. 

11. Aprocess according to claim 8, Wherein the quantum 
Well layer is formed by providing a base portion of the 
second compound semiconductor material by lithography 
and providing a plurality of projections spontaneously via 
crystal groWth on the base portion by making use of a 
self-groWing mechanism of the second compound semicon 
ductor material. 
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12. Aprocess according to claim 9, wherein the semicon 
ductor base layer, the semiconductor cap layer or the semi 
conductor intermediate layer is an i-type semiconductor 
layer of the ?rst compound semiconductor material. 

13. A process according to claim 8, Wherein a lattice 
constant of the ?rst compound semiconductor material is 
101.5 to 107.5% of a lattice constant of the second com 
pound semiconductor material. 

14. A process according to claim 8, Wherein the ?rst 
compound semiconductor material is GaAs and the second 
compound semiconductor material is InGaAs. 

15. A process according to claim 14, Wherein InGaAs is 
InxGa1_xAs Wherein 0.2<X<1. 

16. Aprocess according to claim 8, Wherein the quantum 
Well layer is formed by molecular beam epitaXy in Which a 
source of the second compound semiconductor material is 
evaporated under vacuum and the source is supplied on an 
underlying layer to deposit the source into a thin ?lm crystal, 
While controlling the source supply by observing a re?ection 
high energy electron diffraction pattern. 

17. A process according to claim 8, Wherein the second 
compound semiconductor is made of a group III element and 
a group V element shoWn in the periodic table and the lattice 
constant or the forbidden band Width of a source of material 
to be supplied is varied by changing the compound crystal 
ratio of the group III element and the group V element. 
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18. A solar cell comprising: 

a p-type semiconductor layer and an n-type semiconduc 
tor layer comprising a ?rst compound semiconductor 
material; 

a semiconductor layer provided betWeen at least the 
p-type semiconductor layer and the n-type semicon 
ductor layer, Wherein the semiconductor layer includes 
a quantum Well layer comprising a second compound 
semiconductor material and having a plurality of dif 
ferent siZed projections de?ned at a major surface 
thereof. 

19. The solar cell of claim 18, Wherein a plurality of the 
projections de?ned on the major surface of the quantum Well 
layer have respective different thicknesses. 

20. The solar cell of claim 18, Wherein the semiconductor 
layer comprises only a single quantum Well layer Which is 
said quantum Well layer With the different siZed projections. 

21. The solar cell of claim 18, Wherein a lattice constant 
of the ?rst compound semiconductor material is 101.5 to 
107.5% of a lattice constant of the second compound semi 
conductor material. 


